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SUPPLEMENTARY NOTES
ABSTRACT
We show that an ultrafast laser plasma x-ray source made by focusing a fs laser onto a liquid mercury target can be used for phase contrast imaging of a murine liver in vitro. The x-ray spectrum emitted at 5-kHz repetition rate has characteristics of a 2.5-W, 30-kV microfocus x-ray tube with a tungsten anode. The phase contrast images of the liver show the venous network with approximately 20-µm spatial resolution without the use of a phase contrast agent. The method permits taking tomography images that can be viewed as orthogonal cross sections. Second, we report a new preparative method for providing contrast through reduction in electron density that is uniquely suited for in-line, Xray phase contrast imaging. The method, which results in an air filled vasculature, makes possible visualization of the smallest microvessels in an excised murine liver.
SUBJECT TERMS
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Introduction
Laser-plasma source for phase contrast imaging and
Preparative method for ex vivo liver imaging
Since laser plasma sources are generated by optical radiation focused to a diffraction limited spot size, the spatial coherence of the resulting x-ray burst can be quite high. This high coherence property can be used for in-line holographic imaging, enabling the measurement of x-ray phase shifts induced by an object in the x-ray imaging beam path.
The optical in-line arrangement of x-ray source, object, and detector resembles that of conventional radiography. However, phase contrast imaging is fundamentally different from conventional x-ray shadowgraphy because the mechanism of image formation does not rely on differential absorption by the object [1] [2] [3] ; rather, x-ray beams undergo differential phase shifts in passing through the material and subsequently interfere constructively or destructively at the x-ray camera or film. Materials in an irradiated body are distinguished by their different indices of refraction rather than their purely absorptive properties [4] [5] [6] [7] .
In Propagation-based Differential Phase Contrast Imaging (PDPCI), x-ray waves passing through different but adjacent volumes of the sample interfere. The image contrast caused by x-ray phase shifts can be up to a factor 1000 larger than that for x-ray absorption contrast. Phase sensitive x-ray imaging, has been carried out using synchrotrons and xray tubes. However, it is only recently that laser plasma sources have been used for phase-sensitive imaging applications of static objects [8] [9] [10] . Here, we show that a laser plasma source can be used to obtain high resolution images of an excised mouse liver.
We also describe a sample preparation technique that is uniquely suited to phase contrast imaging. Vascular growth and degeneration play an important role in the dynamics of numerous human pathologies. For example, it is now known that many types of cancer signal neovascularization from nearby blood vessels allowing the tumor access to nutrients essential for growth and metastasis. Aside from cancer malignancy, blood vessel birth and death also plays an important role in wound healing, embryonic development, and atherosclerosis. As a result of the role that vascular dynamics plays in pathology, vascular imaging methods have become of great importance not only for observing vascular proliferation and degeneration, but also as a method for determining the efficacy of drugs aimed at suppression or promotion of neovascularization.
There are several techniques for visualization of vasculature which include vascular casting and high resolution x-ray imaging. In the former, a cast of the vasculature is made, which, when viewed with a microscope, has been shown to provide a powerful means for visualizing the finest features of vascular networks. However, these techniques destroy the tissue sample and do not permit the observation of dynamic processes. When used with a contrast agent, newly developed, non-invasive, high-resolution x-ray imaging systems have permitted imaging of biological tissue on the micron and nanometer scale.
For imaging the vascular structure of soft tissue, radiological contrast is typically produced through the use of injected contrast agents, which provide increased x-ray absorption. In spite of their relative simplicity, these procedures using contrast agents
have not yet produced images with micrometer resolution of liver microvasculature.
Here, we report on sample preparation for phase contrast imaging of the liver microvasculature in excised murine livers. Since blood vessels collapse after excision, we developed a preparation method that re-opens the venous system of the liver. This reopening process was visualized in time with x-ray, phase contrast imaging. We show that as a result of re-opening the blood vessels and their subsequent filling with air, large density gradients are formed at the walls of the vessels that yield images having both high resolution and remarkable contrast. Experiments are reported where the re-opening of the vessels is recorded in time as the liver dehydrates.
Body
The laser plasma source used here is based on a flowing jet of liquid mercury onto which 40-fs, 800-nm, 3-mJ laser pulses are focused with a repetition rate of 5 kHz. A prepulse that precedes the main pulse by 50ps with an amplitude of 4% of the main pulse is generated to improve the x-ray generation efficiency. The x-radiation was detected by direct exposure of the CCD-chip of a liquid-nitrogen cooled x-ray camera. The emitted xray flux in the spectral range useful for imaging, 9 -30 keV photon energy, is 2 x Concerning the new preparative method using low density contrast agents, murine livers were extracted, placed in a 4% aqueous formaldehyde solution, and stored at room temperature for at least 72 hours to allow ample fixation time. In the case of murine livers, the fixation process together with dehydration results in filling of the venous network with air. Contrast agent injections into the portal veins of excised livers verified that the venous system is imaged and not the arterial system or bile ducts. Figure 3 shows both the results of the sample preparation and the effect of postprocessing images using a Fast Fourier Transform bandpass filtering algorithm. First note the contrast that has been obtained without the use of injected contrast agents. The bandpass filtering results in removal of gross absorption features caused by uneven thickness across the liver resulting in an enhancement of microvessel features. The arrows in Fig. 3(b) and (d) point out a microvessel that is 20 micron in diameter. For reference we note that an erythrocyte is approximately 7 micron in its longest dimension. Figure 4 shows a time-lapse sequence of images taken as the fixed liver sample was dehydrated in ambient air. As the sample dried, evaporative water loss resulted in the introduction of air into the vascular network, providing both phase and absorption contrast in the image. The weight of the liver was recorded immediately after being withdrawn from the formaldehyde solution and was subsequently recorded at the time each image was made. The percentage indicated in each image is weight lost due to evaporation, relative to the initial weight. The images (b)-(e) are taken of the region outlined with a box in (a). Each image was taken with an exposure time of 80 s using 172 cm and 74 cm source-to-detector and source-to-object distances, respectively, yielding a magnification of 2.3. Completely dried liver samples lose approximately 80% of their original weight during drying and the resulting dried, hardened samples cannot be histologically analyzed. Using the liver preparation method described above, we observed no discernable difference in the appearance of vasculature after a liver has lost only 20% of its original weight. This finding implies that a liver prepared using this method may be radiographically imaged and subsequently histologically assessed, a potentially valuable synergy of two separate imaging modalities.
Aside from the high contrast provided by the tissue preparation method described here, two additional important aspects of the method are its ease of implementation and virtual certainty of success. The fixation and drying method, which results in a gaseous contrast agent is, in many ways, ideally suited to x-ray phase contrast imaging, which responds to spatial derivatives of the electron density. The favorable results shown here with healthy livers suggest the use of in-line, phase contrast imaging with gaseous contrasts agents for application to the study of vascular genesis in livers, and, pending the development of parallel fixation methods for other internal organs, to studies of other disease pathologies where imaging of vascular features is paramount. 
Conclusions
We have shown the feasibility of using a laser plasma x-ray source for high resolution imaging of biological samples. Although the inherently high time resolution of the laser x-ray source is evident, we have not used its time resolved capability. We have introduced a new method for fixing tissue that uses low electron density substances (air) as the contrast agent as opposed to the conventional high electron density contrast agents such as Ba and I compounds. The method is uniquely suited to phase contrast imaging, providing high contrast and permitting visualization of vascular features at the scale of several microns.
